The majority of cortical synapses are local and excitatory. Local recurrent circuits could implement amplification, allowing for pattern completion and other computations 1 . Cortical circuits contain subnetworks, consisting of neurons with similar receptive fields and elevated connectivity relative to the network average 2,3 . Understanding the computations performed by these subnetworks during behavior has been hampered by the fact that cortical neurons encoding different types of information are spatially intermingled and distributed over large brain volumes 4,5 . We used computational modeling, optical recordings and manipulations to probe the function of recurrent coupling in layer (L) 2/3 of the somatosensory cortex during tactile discrimination. A model of L2/3 dynamics revealed that recurrent excitation enhances sensory signals via amplification, but only for subnetwork with elevated connectivity. Networks with high amplification were sensitive to damage: loss of a few subnetwork members degraded stimulus encoding. We tested this prediction experimentally by mapping neuronal selectivity 5 and photoablating 6,7 neurons with specific selectivity. In L2/3 of the somatosensory cortex, ablating a small proportion (10-20, < 5 % of the total) of neurons representing touch dramatically reduced responses in the spared touch representation, but not other representations. Network models further predicted that degradation following ablation should be greatest among spared neurons with stimulus responses that were most similar to the ablated population. Consistent with this prediction, ablations most strongly impacted neurons with selectivity similar to the ablated population. Our data shows that recurrence among cortical neurons with similar selectivity can drive input-specific amplification during behavior.
To measure the faithfulness with which the spike rate of a neuron reflects the sensory input, we computed an 'encoding score' (R stimulus ) by cross-correlating the activity of each neuron with the input (Methods).
We varied recurrence by changing the connection probability within the input-recipient subnetwork ('subnetwork connectivity'; synaptic conductance was scaled proportionately 15 , Methods). For each subnetwork connectivity we matched the encoding score distribution to that observed in vivo 5 by adjusting the strength of the input from L4 (Methods). Subnetworks with connectivity equal to and moderately elevated relative to the rest of the network (non-subnetwork connectivity, 0.2; subnetwork connectivity range, 0.2 -0.4) produced responses consistent with those observed in vivo 5 (Fig. 1b; Methods) . The amplitudes of the required sensory input declined with increasing subnetwork connectivity. Amplification, defined as the ratio of network output to network input, therefore increased with subnetwork connectivity 16 (Fig. 1c ). Additional elevation of subnetwork connectivity (> 0.4) produced all-or-none network responses, whereby a transient input drove the network into a persistently active state, as in models of memoryrelated activity in frontal cortex 17 (Extended Data 1).
Overall, subnetwork behavior fell into three regimes, each of which produced a distinct response to removal ('ablation') of a small number of constituent elements. Subnetworks with low connectivity (0.2) amplified little, and were resistant to ablation of parts of the network (Fig. 1c-f ). Encoding scores for spared neurons increased following simulated ablation of 10 % of the subnetwork, because of reduced competition by feedback inhibition 9, 18 (encoding score, from 0.237 ± 0.027 to 0.274 ± 0.032, grand median encoding score ± adjusted median absolute deviation, MAD, P < 0.001, Wilcoxon signed rank test, across N = 30 simulated networks with different randomized connectivity and initial conditions; Methods) ( Fig. 1d-f ).
Subnetworks with elevated connectivity (e.g., 0.4) exhibited stronger amplification 16, 19 ( Fig. 1c ). Ablations now caused encoding scores to decline for spared neurons, from 0.243 ± 0.049 to 0.143 ± 0.028 (connectivity = 0.4; P < 0.001, N = 30 networks), because of reduced nonlinear amplification ( Fig. 1d-f ). Networks in the all-or-none regime 17 were robust to ablation, maintaining their all-or-none response (Extended Data 1). The response of subnetworks to ablations therefore distinguishes the three network regimes.
We next performed a similar analysis for actual L2/3 networks during behavior. Mice were trained to localize an object with one spared whisker ( Fig. 2a ) 5 . Behavioral trials contained a sample epoch (duration, 1 s), during which mice touched a vertical pole presented in one of a range of locations ( Fig. 2a, b ), a delay epoch (0.5-1 s) during which mice withheld their response, followed by a response epoch, during which mice reported pole position by licking a left or right 'lickport'.
We imaged activity in vS1 5 . L2/3 neurons (8,164 ± 2,569 per mouse, mean ± S.D.; N = 16 mice; Extended Data 2) were sampled in the barrel column corresponding to the spared whisker using volumetric imaging (Methods; Fig. 2c ). Activity in a subset of neurons encoded whisker position ('whisking' neurons), whereas others responded to touch-induced changes in whisker curvature ('touch' neurons) 5 (Fig. 2d, e ). We quantified the relationship of specific behavioral features and neural activity. An encoding model generated a prediction of neural activity. The correlation of the prediction with the actual neural activity comprised an 'encoding score' (Methods), which was used to classify neurons as belonging to the touch and/or the whisking representation 5 (Methods). Neurons representing touch and whisking were spatially intermingled. Across mice (N = 16 mice; Extended Data 1), 961 ± 660 neurons of the imaged neurons encoded touch (range: 152 to 2,338; fraction: 0.113 +/-0.062) and 892 ± 408 encoded whisker movements (range: 348 to 1,516; fraction: 0.108 +/-0.030).
We probed the role of recurrence by ablating members of the touch representation and examining the effect on spared neurons. Groups of individual excitatory neurons were ablated using multiphoton excitation 6, 7, 20, 21 (Extended Data 3, 4).
Ablating a small proportion of strong touch cells ( Fig. 2f ; 16.8 ± 12.8 neurons, 6 % of touch neurons in the spared whisker's barrel column, N = 9 mice; touch score, 70 th ± 35 th percentile; Extended Data 1) reduced responses to touch in the spared touch neurons ( Fig.  2g , h). The touch encoding score (R touch ) across touch neurons declined (from 0.123 ± 0.021 to 0.100 ± 0.037, grand median ± adjusted MAD; N = 9 mice, 8,392 neurons, P = 0.004, Wilcoxon signed rank test; Fig. 3a ; Methods), as did the touch neuron count (from 932 ± 634 to 716 ± 469, mean ± SD, calculations exclude ablated neurons, Methods). The whisking encoding score (R whisking ) did not change ( Fig. 2i, 3b ; from 0.116 ± 0.013 to 0.115 ± 0.024; 6,975 neurons, P = 0.820; neuron count: from 775 ± 267 to 721 ± 241).
Our model predicts that the decline following ablation should be proportional to the extent of the network removed (Extended Data 5). Consistent with this prediction, the decline in touch representation increased as more of the touch representation was ablated ( Fig. 3c ; Pearson correlation of change in R touch and net R touch ablated, R = -0.80, P < 0.001 across all 24 ablations; R = -0.78, P = 0.013 when restricted to the 9 touch cell ablations). Touch neurons more proximal (15-35 µm) to the ablated cells experience a larger decline in R touch than those distal (115-135 µm) from the ablated cells (proximal change in ΔR touch : -0.132 ± 0.246, grand median ± adjusted MAD, distal: -0.056 ± 0.241, N = 9 mice, P = 0.020, Wilcoxon signed rank test comparing proximal to distal, paired by animal). Thus, the effects of ablating the touch neurons decayed over a distance (λ = 87 µm, exponential fit; Fig. 3d ) that is similar to the spatial scale of local recurrent connectivity in the rodent sensory cortex 22 . No distance-dependence was observed following touch ablation among whisking neurons (Extended Data 6). The declining touch representation was not caused by fewer or weaker touches, or different patterns of whisker movements (Extended Data 7). This result is consistent with amplification of touch responses by recurrent excitation in L2/3.
In contrast, ablating a subset of strong whisking neurons (12.7 ± 5.7 neurons, ~4 % of whisking neurons in the spared whisker's barrel column, N = 7 mice; whisking score: 68 th ± 26 th percentile) produced no effect on either the touch (Extended Data 8, Fig. 3a ; R touch from 0.110 ± 0.080 to 0.095 ± 0.069, N = 7 mice, 5,899 neurons, P = 0.109, count from 843 ± 403 to 878 ± 540) or the whisking representation (R whisking from 0.108 ± 0.076 to 0.107 ± 0.076, N = 6,395, P = 0.812, count from 914 ± 434 to 970 ± 554). Similarly, ablating silent neurons (event rate below 0.025 Hz; Methods; 16.3 ± 2.6 neurons, N = 8 mice) did not change the touch (Extended Data 8, Fig. 3b ; R touch from 0.115 ± 0.021 to 0.107 ± 0.024, N = 8 mice, 7,110 neurons, P = 0.383, count from 889 ± 713 to 926 ± 681) or whisking representations (R whisking from 0.115 ± 0.014 to 0.114 ± 0.015, 7,684 neurons, P = 0.844, count from 961 ± 464 to 904 ± 384). Touch ablations produced significantly different encoding score changes among touch (but not whisking) representations than either whisking or silent ablations ( Fig. 3a,b ; touch vs. whisking ablations, touch network, P = 0.042; whisking network, P = 0.758; touch vs. silent ablations, touch network, P = 0.002; whisking network, P = 0.743; Wilcoxon rank sum test, Methods), whereas whisking ablations did not produce significantly different changes from silent ablations (touch network, P = 0.189; whisking network, P = 1.000; Wilcoxon rank sum test, Methods). Non-specific effects of ablation therefore do not contribute to changes in the touch representation after ablation.
Ablations of whisking neurons did not degrade the representation of whisking. Our network model suggests that the slower kinetics of the whisking input alone does not account for the lack of ablation effect, as networks having elevated subnetwork connectivity (0.4) with slower input (t peak = 50 ms, vs. 10 ms for touch simulations; Methods) were sensitive to simulated ablation (encoding score change after ablation: from 0.143 ± 0.024 to 0.104 ± 0.013, P < 0.001, N = 30 networks; Extended Data 9). However, individual neurons encode whisking input with different phases 23 , which suggests an asynchronous population response that would be unlikely to engage recurrent excitation. In contrast, rapid touch input is in-phase across the neural population 13, 14 . Therefore, the lack of sensitivity to ablation in the whisking population does not necessarily imply an absence of effective recurrent coupling.
The responses of individual neurons differ in complex ways not captured by the binary classification scheme ('touch' or 'whisking'). For example, touch neurons show directional preference and diverse response dynamics 5 . In recurrent networks connected in a feature-specific manner 15 , the effects of ablation on spared neurons should increase with the similarity of their tuning to the ablated population 9, 24, 25 .
We tested this intuition in our L2/3 model, defining 'response similarity' as the correlation of a neuron's activity with the mean activity of the ablated neurons ( Fig. 4a ; Methods). In networks with elevated subnetwork connectivity, neurons with high response similarity showed the largest decline in encoding score following ablation ( Fig.  4b ; P = 0.200, sign test, testing that the slope of change in encoding score as a function of response similarity is 0, N = 30 networks, Methods; 3,466 neurons shown). In networks without elevated subnetwork connectivity, the relationship disappeared (P = 0.001, N = 30 networks; 3,779 neurons shown).
We next performed a similar analysis on our experimental data. Our imaging experiments did not track all neurons simultaneously (we imaged 3/18 planes at a time; Fig. 2c ; Methods) 5 . We therefore devised an alternative 'response similarity' metric that did not depend on simultaneous recording. For each neuron, we averaged responses across trials for both trial types (correct contra and ipsi trials; Fig. 4c ) prior to ablation. Concatenating the contra and ipsi responses yielded a trial-averaged ΔF/F for each neuron (Fig. 4d ). Computing the mean trial-averaged ΔF/F across all ablated neurons provided the ablated neuron mean response. Response similarity was measured for each neuron as the correlation between its trial-averaged ΔF/F response and the mean response across all ablated neurons.
Changes in R touch following ablation depended on response similarity (Fig. 4e, f ; P = 0.039, sign test, testing that the slope of change in encoding score as a function of response similarity is 0, N = 9 mice; 2,770 neurons total; Methods). R touch in neurons with high response similarity declined. Neurons with negative response similarity showed increased R touch , potentially due to reduced feedback inhibition previously evoked by the ablated neurons 9 (Fig. 4e ).
Touch neuron ablation had no effect on the whisking network ( Fig. 4f ; P = 0.508, sign test, N = 9 mice; 1,105 neurons). Whisker neuron ablation had no effect on either representation ( Fig. 4g ; N = 7 mice, touch: P = 1; 1,639 neurons total; whisking: P = 1; 959 neurons total).
Targeted photoablation in cortical networks allowed us to test roles of effective recurrence in cortical circuits 1 . The selective degradation of representations resembling the ablated neurons is consistent with strong amplification in recurrent networks 16, 24, 26 (Fig. 1 ), but inconsistent with networks dominated by feedback inhibition 9, 19, 27 or stable attractor states 17, 28 . Our work suggests that within a given cortical area, distinct circuitry underpin the processing of different stimulus classes. Our experiments reveal that cortical circuits can be surprisingly sensitive to damage targeted of a specific representation, despite remarkable robustness to other kinds of perturbations 29 .
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